UV vision has profound effects on the evolution of organisms by affecting such behaviors as mating preference and foraging strategies. Despite its importance, the molecular basis of UV vision is not known. Here, we have transformed the zebra finch UV pigment into a violet pigment by incorporating one amino acid change, C84S. By incorporating the reverse mutations, we have also constructed UV pigments from the orthologous violet pigments of the pigeon and chicken. These results and comparative amino acid sequence analyses of the pigments in vertebrates demonstrate that many avian species have achieved their UV vision by S84C.
Materials and Methods
Cloning and Sequencing of cDNA clones. A cDNA library was constructed in the ZAPII vector by using 5 g of poly(A) mRNA from 20 zebra finch retinas and Poly(A) Quick mRNA isolation kit, ZAP-cDNA Synthesis kit, and Gigapack III Gold extracts, following the protocols supplied by the manufacturer (Stratagene). In the initial screening, about 4 ϫ 10 5 recombinant plaques were transferred to nylon membrane (Hybond-N ϩ , Amersham) for hybridization with a mixture of 32 P-random-labeled human blue opsin cDNA (hs37, a gift from J. Nathans, Johns Hopkins Univ., Baltimore). Hybridization was carried out at 55°C, and hybridized membranes were washed four times (30 min each) in 1ϫ SSC (0.15 M NaCl͞0.015 M Na 3 citrate)͞0.1% SDS at 55°C. Of the 16 cDNA clones isolated, one clone was found to contain the entire coding region. This clone was subcloned into pBluescript SK(Ϫ) vector and was sequenced by cycle sequencing reactions using the Sequitherm Excel II Long-Read kits (Epicentre Technologies, Madison, WI) with dye-labeled M13 forward and reverse primers. Reactions were run on a Li-Cor 4200LD automated DNA sequencer (Li-Cor, Lincoln, NE).
Regeneration of Visual Pigments, Site-Directed Mutagenesis, and
Spectral Analyses. In addition to that of the zebra finch, total RNA was also isolated from the retinas of a chicken. To conduct reverse transcription-PCR, two sets of primers were prepared: 5Ј-GGA ATGA AT TCCACCATGGACGAGGA AGAG-3Ј (Forward) and 5Ј-GCAGAGGTCGACCTGGGGCGGACCT-GGCTG-3Ј (Reverse) for the zebra finch UV pigment and 5Ј-ATTATTGAATTCCACCATGTCATCGGACGACGA-3Ј (F) and 5Ј-TATATAGTCGACGGACCA ACT TGGCTG-GAGGACACGGA-3Ј (R) for the chicken violet pigment. The first strand cDNA synthesis was carried out at 42°C for 1 h in a total volume of 20 l containing reaction buffer (10 mM Tris⅐HCl, pH 9.0͞1 mM MgCl 2 ͞50 mM KCl͞0.1% Triton X-100), 1 mM dNTPs, 5 M reverse primers, 20 units of RNasin (Promega), and 200 units of SuperScript II Reverse transcriptase (GIBCO͞BRL). The resulting cDNA was combined with the same reaction buffer containing 200 mM dNTPs, 1 M each forward and reverse primers, and 5 units of Taq polymerase (Promega) in a total volume of 100 l. PCR amplification was performed by 30 cycles at 92°C for 45 sec, 55°C for 60 sec, and 72°C for 90 sec. At each cycle, the duration of the extension reaction was progressively extended by 3 sec. After the final extension step at 72°C for 10 min, the PCR products were resolved in 1.5% agarose gel electrophoresis. The amplified cDNA clones were sequenced to rule out spurious mutations and were subcloned into the expression vector pMT5. This plasmid was expressed in COS1 cells by transient transfection. The pigment was regenerated by incubation with 11-cis-retinal and was purified in buffer consisting of 50 mM N-(2-hydroxyethyl) piperazine-NЈ-2-ethanesulfonic acid (pH 6.6), 140 mM NaCl, 3 mM MgCl 2 , 20% (wt͞vol) glycerol, and 0.1% dodecyl maltoside (21) .
Abbreviations: SWS1, short wavelength-sensitive type 1; LWS, long wavelength-sensitive; MWS, middle wavelength-sensitive; RH1, rhodopsin.
Data deposition: The sequence reported in this paper has been deposited in the GenBank database (accession no. AF222331).
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Mutants were generated by using QuickChange site-directed mutagenesis kit (Stratagene). All DNA fragments that were subjected to mutagenesis were sequenced to rule out spurious mutations. UV visible absorption spectra of visual pigments were recorded at 20°C, using a Hitachi (Tokyo) U-3000 dual beam spectrophotometer. Visual pigments were bleached by a 366-nm UV light illuminator. Recorded spectra were analyzed by using SIGMAPLOT SOFTWARE (Jandel, San Rafael, CA).
Sequence Data Analysis. At present, 15 SWS1 pigments have been characterized for their amino acid sequences as well as absorption spectra (Table 1) . By using more evolutionarily distantly related RH1, RH2, SWS2, and LWS͞MWS pigments (Table 1) as the outgroup, the rooted phylogenetic tree for the SWS1 pigments in vertebrates was constructed. The number (K) of amino acid substitutions per site was estimated from K ϭ Ϫln (1 Ϫ p), where p is the proportion of different amino acids for a pair of sequences. The phylogenetic tree was reconstructed by applying the neighbor-joining method (22) to the K values. The reliability of the phylogenetic tree was evaluated by the bootstrap analysis with 1,000 replications (23) . In addition, by using the corresponding nucleotide sequences, the numbers of nucleotide substitutions per site were estimated for all pairs (24) , from which the phylogenetic tree of the SWS1 pigments was also constructed by using the NJ method.
Results and Discussion
Absorption Spectrum of the Zebra Finch UV Pigment. Screening a ZAP II zebra finch retinal cDNA library with human blue opsin cDNA as the probe, we have obtained one complete clone. The opsin deduced from this cDNA sequence consists of 346 amino acids (GenBank accession no. AF222331). By expressing the opsin in cultured cells and reconstituting the product with 11-cis-retinal, we have regenerated the zebra finch pigment. This pigment is sensitive to wavelengths between 320 and 400 nm, with a maximum value ( max ) at 359 Ϯ 1 nm (Fig. 1A) , which is consistent with a previous estimate, 360-380 nm, for the zebra finch UV pigment determined by microspectrophotometry (11) .
When the regenerated wild-type pigment was exposed to UV light, a new peak absorption at Ϸ380 nm was achieved ( Fig. 1 A) . This means that 11-cis-retinal in the pigment was isomerized by light and all-trans-retinal was released. Furthermore, when the pigment was denatured by sulfuric acid (H 2 SO 4 ) at pH 1.8 in the dark, the resulting spectrum had the peak absorption at Ϸ440 nm Absorption spectrum for the mutant pigment (C84S) and those after exposure to light and H2SO4. The ratios of the protein absorption peak (not shown) to the pigment absorption peak were 2.56 and 3.07 for the wild-type and mutant pigments, respectively.
Fig. 2.
The phylogenetic tree for vertebrate SWS1 pigments. The numbers after P refer to max, and those next to the different branches are clustering percentage supports generated by 1,000 bootstrap replicates. UV pigments are boxed. The horizontal bar at the bottom indicates evolutionary distance measured by the number of amino acid replacements per site.
( Fig. 1 A) , typical of a protonated Schiff base 11-cis-retinal free in solution. Because acid has no effect on the absorbance of free 11-cis-retinal, this result shows that the observed peak at 359 nm is generated by opsin covalently linked to 11-cis-retinal in a Schiff base linkage (18) (19) (20) . Thus, these control experiments demonstrate that we have indeed regenerated the UV pigment of the zebra finch.
Phylogenetic Relationship of the SWS1 Pigments in Vertebrates.
Phylogenetic analyses show that the UV pigment of the zebra finch, referred to as zebra finch (P359), belongs to the SWS1 group (Fig. 2) . The topology of the phylogenetic tree of the SWS1 pigments is mostly consistent with that of the organismal tree, where mammals are more closely related to reptiles͞birds, amphibians, and fishes, in that order. The phylogenetic positions of most of the SWS1 pigments have high levels of bootstrap support and are highly reproducible (Fig. 2) . Note, however, that chameleon (P358) pigment is more closely related to the mammalian pigments than to the avian pigments. The bootstrap support for the clustering of the chameleon and mammalian pigments is only 69%, and the exact phylogenetic position of chameleon (P358) pigment cannot be established. Thus, considering the relationships of organisms (25) , it seems reasonable to assume that chameleon (P358) pigment is more closely related to the avian pigments than to the mammalian pigments. The clustering of chicken (P415), pigeon (P393), parakeet (P371), zebra finch (P359), and canary (P366) pigments is well supported by the bootstrap analysis, but the exact phylogenetic positions of these pigments cannot be established because of poor bootstrap supports (Fig. 2) . Nevertheless, it is interesting to observe that the three avian UV pigments cluster as one group, suggesting the possibility that the evolution of the avian UV pigments occurred only once in the avian lineage.
The phylogenetic tree of the SWS1 pigments can also be constructed by considering the corresponding nucleotide sequences. Unfortunately, the nucleotide sequence of the canary (P366) opsin gene is not available, and, therefore, it has to be excluded from the analysis. The tree topology obtained by Fig. 3 . Alignment of the amino acid sequences of the SWS1 pigments of birds. Zebra finch, canary, parakeet, pigeon, and chicken indicate zebra finch (P359), canary (P366), parakeet (P371), pigeon (P393), and chicken (P415) pigments, respectively. Gaps necessary to increase the sequence similarity are indicated by dashes (-). Our analysis of the chicken opsin cDNA shows that the nucleotide sequences at codon position 113 are ACC (encoding threonine) instead of CAC (histidine) reported in the GenBank database (M92039). Seven putative transmembrane regions (40) are indicated by horizontal lines, and the avian UV pigment-specific amino acids are boxed.
applying the neighbor-joining method to the nucleotide sequences of the remaining opsin genes differs from that of Fig. 2 at two points. First, as suspected, chameleon (P358) pigment now clusters with the avian pigments with the bootstrap support of 99% (results not shown). Second, the ''nucleotide tree'' suggests the phylogenetic relationship (((zebra finch (P359), pigeon (P393)), parakeet (P371)), chicken (P415)), and the phylogenetic positions of the parakeet and pigeon pigments are now exchanged. The cluster of the avian pigments is highly reproducible with a bootstrap support of 92%, but their exact phylogenetic positions still cannot be resolved.
Molecular Evolution of the Avian UV Pigments: Hypothesis.
The absorption spectra of visual pigments are determined by the interactions between 11-cis-retinal and opsin. Thus, to elucidate the evolutionary divergence of UV pigments and violet pigments, we need to identify the amino acids that may be responsible for the functional differentiation of the two types of pigments. When the amino acids of the 15 SWS1 pigments are compared site by site, we cannot find any amino acid that is common only to the UV pigments, suggesting that the max values of the UV pigments in various vertebrates have been achieved by different mechanisms. Under this circumstance, the functional divergence of UV and violet pigments can be studied most effectively by comparing the two types of pigments in a particular lineage of organisms. At present, the UV and violet pigments can be compared only in two groups: birds and mammals (Fig. 2) . When the two types of pigments in birds are compared, 8 amino acids are found to be conserved among parakeet (P371), zebra finch (P359), and canary (P366) pigments (Fig. 3) whereas when those in mammals are compared, 24 amino acids are conserved between the mouse and rat UV pigments. Clearly, it is much simpler to study the molecular basis of the UV pigments in birds than those in mammals.
When the eight amino acids conserved among the three avian UV pigments are compared with those at the corresponding sites of the other SWS1 pigments, the UV pigment-specific amino acids E3, I85, H102, F106, G108, and I163 are shared by violet pigments (Fig. 4) whereas E274 is located in the nontransmembrane region and is unlikely to interact with the chromophore (Fig. 3) . However, C84 is associated distinctly with UV pigments and cannot be found in other SWS1 pigments. This strongly suggests that C84 may be responsible for the development of the three avian UV pigments.
Importantly, because virtually all SWS1 pigments have S84, the mutation S84C must have occurred in the ancestral avian violet pigment. Thus, if this site is involved in the development of the avian UV pigments, then the UV pigment must have evolved from the violet pigment by a single amino acid replacement. As already noted, according to the ''amino acid tree'' (Fig .   Fig. 4 . Variation at the eight avian UV pigment-specific amino acid sites. The avian UV pigment-specific amino acids and identical amino acids are boxed. 2), this transition might have occurred only once in the avian lineage.
Molecular Evolution of the Avian UV Pigments: Hypothesis Testing.
We first asked whether we could transform the UV pigment of the zebra finch into a violet pigment by a single mutation, C84S. When this amino acid change was introduced into the zebra finch UV pigment, the mutant pigment achieved a significantly redshifted max value at 397 Ϯ 1 nm (Fig. 1B) . Both photobleaching ( max Ϸ 380 nm) and acid denaturation ( max Ϸ 440 nm) spectra show that the observed dark spectrum is generated by the visual pigment (Fig. 1B) . Thus, C84S is sufficient to transform the zebra finch UV pigment with a max at 359 nm into a violet pigment. Note that the absorption spectrum of the mutant pigment is somewhat broader than that of the wild-type pigment. By subjecting the pigments to various pH conditions, we have attempted to narrow the width of the absorption spectrum of the mutant pigment. However, the mutant pigment at pH 4.4, 4.8, 5.5, 6.2, 6.4, 6.6, 7.2, 7.5, 7.8, 8.6, and 11.4 shows identical absorption spectrum to that at pH 6.6 (results not shown). Thus, the various levels of acid treatment suggest that there is no change in its protonation state that influences the electrostatic environment of the chromophore (26) . At present, it is not clear why the absorption spectrum of the mutant pigment is broader than that of the UV pigment. Importantly, however, the max value of the zebra finch mutant pigment is not affected by its slightly broader absorption spectrum.
We next attempted to construct UV pigments from the violet pigments of pigeon and chicken by introducing the reverse mutation, S84C. The max value of the violet pigment of the pigeon is known to be 393 nm ( Fig. 5A; ref. 20) . The pigeon pigment with S84C achieves a max value at 358 Ϯ 2 nm (Fig.  5B) . The photobleaching and acid denaturation experiments again demonstrate that these absorption spectra are generated by visual pigment (Fig. 5 A and B) . For the chicken, we had to produce its violet pigment before the mutagenesis experiment (see Materials and Methods). It should be noted that the max value at 415 nm (Fig. 5C ) of the chicken violet pigment regenerated is virtually identical to the previously estimated max values at 413-415 nm using different methods (27) (28) (29) . The violet chicken pigment with S84C achieves a max value at 369 Ϯ 1 nm (Fig. 5D) . Again, the photobleaching and acid denaturation experiments show that the dark spectrum is attributable to visual pigments ( Fig. 5 C and D) . All of these mutagenesis experiments strongly support the hypothesis that the avian UV pigments have evolved from violet pigments by a single amino acid replacement, S84C. Careful inspection of the dark spectra reveals that those of the pigeon violet pigment (Fig. 5A ) and the chicken mutant pigment (Fig. 5D ) also have slightly broader widths compared with those of the corresponding spectra. Again, the max values of these pigments are not affected by the broader distributions.
The present analyses show that the dramatic blue-shift in the max value of the avian UV pigments is caused simply by the replacement of the hydroxyl group of S84 by the sulfhydryl group of C84. The amino acid site 84 is located near the Schiff base nitrogen and E107 (corresponds to E113 of the bovine rhodopsin), counterion of the Schiff base (12, 26, 30) . Using bovine rhodopsin, it has been suggested that one or a few water molecules is located in this region (31) (32) (33) (34) . Because of its hydrophobicity, it is highly likely that C84 has depleted a water molecule from the avian UV pigments and displaced a positive charge away from the Schiff base (34) . Thus, our results strongly suggest that the chromophores of the avian UV pigments are unprotonated, causing a major blue-shift in the max value (35, 36) . The sulfhydryl group of C84 may also cause further blueshift in the max by forming a disulfide link and modifying the pigment structure.
UV Vision in Birds and Other Vertebrates. Color vision of birds is affected strongly by colored oil droplets (10, 11) . However, the UV and violet photoreceptors of birds contain transparent oil droplets that have no significant light absorption throughout the spectrum, and, consequently, the UV vision of birds is determined solely by the visual pigments (10) (11) (12) . It is important to note that some bird species can also achieve UV vision without having ''true'' UV pigments. For example, despite having violet pigments, the pigeon is known for its UV-sensitivity (e.g., see ref. 37 ). This is possible because the pigeon's cornea, lens, and vitreous body transmit both ''visible'' and UV light (38) . Once the UV light reaches the retina, the pigeon can detect it with the violet pigments that are sensitive to wavelengths between 320 and 450 nm (Fig. 5A) . However, UV vision in a much wider variety of avian species is based entirely on the ''evolutionarily more specialized'' UV pigments (10, 11, 39) . Thus, our analyses demonstrate that the origin of the specialized UV vision of many bird species can be traced to a single amino acid change.
Goldfish (P359), zebrafish (P362), chameleon (P358), mouse (P359), and rat (P358) pigments do not have C84 at the corresponding sites (Fig. 4) . Evidently, the role of S84C in achieving UV-sensitivity is limited to the avian species, and the molecular bases of UV vision of other vertebrate species are entirely different from that of UV vision of birds. The present evolutionary approach in elucidating the genetic basis of the avian UV vision may also be applied to solve the molecular bases of UV vision in other vertebrates.
